Molecular Analysis of Human and Canine Staphylococcus aureus

S
ince the early 1980s, potentially host-specific ecovars of Staphylococcus aureus strains have been an ongoing subject of scientific discourse (1, 2) .
In recent years, comparative molecular analysis of S. aureus isolates from different hosts determined differences on the genome level for some lineages, indicating the occurrence of host-specific genotypes (3, 4) or tissue tropism (5) . Multilocus sequence typing (MLST) revealed clonal complexes (CC) associated with specific hosts in different studies (4, 6, 7) . Ruminants in particular seem to harbor S. aureus belonging to sequence types (ST) which are rarely found among humans (8) . In addition, mobile genetic elements (MGEs) were found to harbor putative host-specific virulence-associated factors which may play a role during S. aureus infections in a certain host. For example, variants of S. aureus pathogenicity islands (SaPI) such as SaPI bov or SaPI equ harbor genes encoding a von Willebrand factorbinding protein paralogue which enhances coagulation activity of the pathogen in bovine or equine plasma (9) . Moreover, the phage-encoded immune evasion cluster (IEC) is described as a human-specific element comprising various combinations of the following proteins and corresponding genes: the staphylococcal complement inhibitor (scn), the plasminogen activator staphylokinase (sak), the chemotaxis inhibitory protein (chp), and the superantigen staphylococcal enterotoxin A (sea). Different studies reported high IEC carriage rates among human S. aureus strains (10, 11) , while the IEC was less frequently detected in strains of animals, especially those of ruminant origin (6, 10, 12) .
S. aureus strains which harbor the mecA gene (methicillin-resistant S. aureus [MRSA] ) encoding methicillin resistance have been identified among humans as well as in companion animals and in livestock. MLST analysis of MRSA showed that dogs in particular are predominantly infected with common regional lineages of human origin, like sequence type 22 (ST22) and ST5 (13) (14) (15) (16) (17) . Moreover, different reports revealed MRSA strains of canine and human origin with indistinguishable macrorestriction patterns by using pulsed-field gel electrophoresis (PFGE) analysis (18) (19) (20) (21) , indicating a cross-species transmission. Such genetic lineages with the ability to infect several different animal species as well as humans were denominated extended-host-spectrum genotypes (EHSG) (22) .
While recent literature has focused on the characterization of EHSG MRSA, scarce information is provided concerning the comparative analysis of human and canine methicillin-susceptible S. aureus (MSSA), even though identical lineages have been reported in humans and dogs living in the same household, indicating a zoonotic potential (23) .
The purpose of this study was therefore to investigate the genetic background of canine MRSA and MSSA representing different geographic origins (mainly Germany) and infection sites. Further, several representatives of each genotype detected among the canine isolates were selected for a broad comparative analysis, including human isolates sharing the same genetic background, using DNA-microarray analysis.
MATERIALS AND METHODS
Canine strains, verification of S. aureus, and detection of methicillin resistance. A convenience sample of 120 canine S. aureus strains, isolated from various infection sites between 2000 and 2011 and identified and collected in veterinary diagnostic laboratories (Vet Med Labor GmbH, Ludwigsburg, Germany; Institute of Microbiology and Epizootics; Synlab, Augsburg, Germany), was stored in glycerol stocks at Ϫ80°C. In order to rule out simple contamination of the infection site, information about the culturing process and semiquantitative data on each positive S. aureus specimen as well as information on further bacterial species detected in some of the samples are provided in Table S1 in the supplemental material. The majority of strains were isolated in Germany (10 different federal states), whereas 26 strains originated from nine other European countries: Austria (6 isolates), Italy (5 isolates), France (5 isolates), Netherlands (4 isolates), Sweden (2 isolates), Denmark (1 isolate), Luxembourg (1 isolate), Norway (1 isolate), and Spain (1 isolate) (see Table S1 in the supplemental material). Three isolates came from an unknown geographical origin. All isolates were verified as S. aureus, and methicillin resistance was detected according to the presence of mecA using a protocol described by Merlino et al. (27) .
Baseline molecular typing of canine S. aureus strains. All isolates were typed by sequencing the tandem repeat region of the staphylococcal protein A-encoding gene (spa) (28) . Associations with corresponding clonal complexes (MLST-CCs) were determined by the use of the ridom spa server (http://www.ridom.de/) as described before (29) . In total, 58 canine isolates with at least one representative strain of each spa type were investigated by DNA-microarray hybridization of 334 distinct genetic loci using an Alere Identibac S. aureus Genotyping chip according to previously described protocols and procedures (6) . Multilocus sequence typing (MLST) was performed for selected isolates representing distinct spa types (26) .
Comparative molecular analysis of representative canine and human S. aureus strains. In total, 14 human strains (provided by S. Monecke, Technical University of Dresden, Dresden, Germany/Alere Technologies GmbH, Jena, Germany; W. Witte, Robert-Koch-Institut, Wernigerode, Germany; and the Institute of Microbiology, Free University Berlin, Berlin, Germany) were included for comparative analysis with 48 canine strains from each CC comprising more than three isolates.
Macrorestriction analysis of chromosomal DNA using endonuclease SmaI followed by comparative analysis of the resulting PFGE pattern was carried out employing BioNumerics version 6.5 (Applied Maths, SintMartens-Latem, Belgium) (Dice coefficient [tolerance, 1.2%; optimization, 0.5%]) as described before (22) . Isolates with Ն85% similarity according to the dendrogram were considered to belong to a group of clonally related strains (indicated with capital letters). Subgroups were denominated by numbers within each group (Fig. 1) .
A rendered tree was calculated based on microarray hybridization results after BioNumerics cluster analysis of the data using Pearson correlation and the unweighted-pair group method using average linkages (UPGMA) (see Fig. 3 ).
RESULTS
Clonal background of the canine S. aureus isolates. spa typing of 120 S. aureus strains (70 MRSA, 50 MSSA) revealed 47 different spa types associated with 16 different CCs (Table 1) according to http://www.ridom.de/, microarray analysis, or multilocus sequence typing results. While 40 isolates belonged to CC5 (t003, t002, and t010), 27 were assigned to CC22 (t032, t005, t025, t515, t578, t910, t1559, t2235, and t3242), 14 to CC8 (t008, t009, t036, t037, t197, and t10609), 9 to CC45 (t015, t772, t1331, and t10607), 7 to CC398 (t011, t034, t889, t3081, and t6867), and 5 to CC30 (t012, t018, t021, t136, and t582). Five CC15 isolates were represented by spa types t084, t254, t346, and t4397. The remaining 12 isolates belonged to 10 different CCs (CC1, CC6, CC7, CC12, CC25, CC59, CC72, CC101, CC121, and CC188) ( Table 1 ). All MRSA isolates were identified within CC5, CC22, CC8, or CC398, while MSSA isolates were assigned to 17 different CCs.
In order to verify the association with CCs using http://www .ridom.de/, 37 representatives were characterized by MLST. While most of these strains showed common STs (ST5, ST225, ST22, ST254, ST239, ST8, ST45, ST398, ST15, ST188, ST30, ST34, ST7, ST1, ST12, ST25, ST59, and ST101), three isolates belonged to new STs, being single-locus variants (SLV) of ST30, ST6, or ST72, respectively (Table 1) .
For further molecular analysis, representative S. aureus isolates of each CC comprising more than three isolates (including CC5, CC22, CC8, CC398, CC45, CC15, and CC30) were chosen for comparative molecular analysis with 14 human isolates known to share the same CCs using PFGE analysis as well as DNA-microarray hybridization. Evaluation with a focus on the human-specific immune evasion cluster (IEC) showed a carriage rate of 79% (38/ 48) among these clinical canine S. aureus isolates.
Comparative analysis of human and canine S. aureus isolates. (i) CC5. Six canine strains (four MRSA and two MSSA) and two human strains (one MRSA and one MSSA) of CC5 were chosen for comparative analysis using PFGE and DNA-microarray hybridization.
PFGE analysis showed high similarity within the CC5 macrorestriction pattern comprising two different clusters dependent on methicillin resistance. Indistinguishable PFGE patterns displayed by human and canine isolates were found in both clusters (Fig. 1) .
Microarray hybridization results revealed that canine and human CC5 isolates yielded positive signals for genes of the virulence-associated enterotoxin gene cluster (egc) seg, sei, selm, seln, selo, and selu, while sed, sej, and ser were less frequently detected (Fig. 2) . All but one canine strain harbored IEC genes (Fig. 2) .
Six isolates carried the bla resistance operon, excluding the human and one canine MRSA isolate. All MRSA isolates were positive for aadD, a gene encoding aminoglycoside resistance. Among the five MRSA isolates, four harbored staphylococcal cassette chromosome mec element type II (SCCmec II; Rhine-Hesse epidemic strain/UK-EMRSA-3) and one SCCmec I variant (Geraldine clone) (canine strain) ( Table S2 in the supplemental material). Panton-Valentine leukocidin (PVL)-positive strains were not detected.
(ii) CC22. PFGE analysis of 14 representative canine isolates (12 MRSA and 2 MSSA) and 2 human strains (1 MSSA and 1 MRSA) revealed five different clusters (Fig. 1) .
The IMT-B2 subgroup pattern, which was closely related to the Barnim epidemic strain (UK-MRSA-15) (22), was identified for four canine MRSA isolates (Fig. 1) .
Genes belonging to the egc cluster were detected in all but one canine strain. Furthermore, all but one of the canine strains harbored genes of the IEC, while genes encoding the staphylococcal enterotoxins SEC and SEL were identified only infrequently in three canine isolates. One canine isolate yielded a positive result for staphylococcal enterotoxin A. PVL was not detected.
The bla operon was present in all isolates except for one human MSSA. The erm(C) gene for erythromycin resistance was detected infrequently (n ϭ 8) in canine isolates but missing among the human strains. All MRSA isolates harbored SCCmec IV.
(iii) CC8. Seven MRSA and two MSSA isolates of canine origin as well as three human isolates (one MRSA and two MSSA) were chosen for comparative analysis of isolates belonging to CC8.
Macrorestriction analysis revealed eight distinct PFGE clusters with a notable resemblance to one human and one canine MRSA isolate within patterns IMT-G3 and G4 (Fig. 1) .
Genes of the IEC were present in most of the isolates (negative: three canine isolates). The staphylococcal enterotoxin genes sed, Dice coefficient [1.2% tolerance and 0.5% optimization]) displaying 43 canine and 12 human isolates with spa type, PFGE type, and host origin. Strains are grouped into clonal complexes according to the spa type and macrorestriction pattern. Abbreviations: CC, clonal complex; BW, Baden Wuerttemberg, Germany; MP, Mecklenburg Pomerania, Germany; NRW, North Rhine Westphalia, Germany; RP, Rhineland Palatinate, Germany; LS, Lower Saxony, Germany; resp. syst., respiratory system; n.t., not typed; pos, positive; neg, negative. sej, and ser as well as seb, sek, and seq were found infrequently. All CC8 isolates were negative for pvl.
The bla operon was identified in all but one canine and one human isolate. Resistance-encoding genes aadD, aacA-aphD, and aphA3 (aminoglycoside resistance), lnu(A) (lincosamide resistance), tet(M) and tet(K) (tetracycline resistance), and erm(A) and erm(C) (erythromycin resistance) as well as qacC (resistance to quaternary ammonium compounds) were infrequently detected.
Four MRSA isolates harbored SCCmec IV, while one canine isolate (ST239-MRSA) carried SCCmec III. Three strains yielded positive signals for the truncated mecR as well as ugpQ and Q9XB68-dcs and harbored an atypical SCCmec according to the microarray hybridization results.
Additionally, one MSSA isolate was positive for ccrB-4, part of a chromosomal cassette.
(iv) CC398. Five canine MRSA isolates and one canine MSSA isolate were chosen for further investigation and compared to two human isolates (one MRSA and one MSSA) within CC398. All isolates were not typeable (NT) by PFGE following digestion with SmaI.
CC398-associated strains lacked most of the tested virulenceassociated genes, except one canine isolate, which carried the IEC.
All isolates harbored the bla resistance operon and were positive for tet(M). One canine and one human MRSA yielded positive signals for tet(K) as well. The resistance-encoding genes dfrA (trimethoprim resistance), erm(A), erm(C), aacA-aphD, and vga (streptogramin resistance) were not detected frequently (Fig. 2) .
Signals corresponding to two different SCCmec types (IV and V) were obtained from most CC398 isolates, while one mecApositive isolate could not be further characterized using an Alere Identibac S. aureus Genotyping chip. It yielded positive signals for mecA and ugpQ (see Table S2 in the supplemental material).
(v) CC45. Four canine MSSA isolates were chosen for further analysis by PFGE and DNA-microarray hybridization for comparisons that included two representative human MSSA isolates.
PFGE analysis revealed more than 85% similarity for all investigated isolates and further showed indistinguishable macrorestriction patterns (IMT-P1) for one human and one canine isolate.
Components of the egc and the IEC were detected in all isolates, while the enterotoxin-encoding genes sec and sel were identified infrequently.
All isolates yielded positive signals for the bla operon.
(vi) CC30. Five canine MSSA isolates were compared to two human MSSA strains.
PFGE analysis revealed five distinct macrorestriction patterns with one human and two canine strains belonging to the same cluster (IMT-S).
All isolates carried egc as well as genes of the IEC. The toxic shock syndrome toxin 1 gene (tst) was detected in three canine strains and one human isolate. Two of these isolates (one human and one canine strain) carried seh (ST34-MSSA) as well. A tstnegative canine MSSA strain showed a positive signal for pvl.
The bla operon was present in all isolates. Additionally, one canine strain was positive for aadD, lnu(A), and mupR (mupirocin resistance).
(vii) CC15. Within CC15, four canine MSSA strains were compared to one human MSSA strain. PFGE analysis revealed two different patterns with three canine strains and the human isolate belonging to IMT-L. According to the microarray results, genes of the IEC were identified in each isolate. All isolates but one (canine) yielded positive signals for the bla operon. One of these strains carried aadD and lnu(A), too.
Rendered tree. Overall, the comparative analysis of microarray hybridization results (including 334 different gene loci) from 48 canine and 14 human isolates which were visualized in a rendered tree (Fig. 3) revealed a close resemblance for canine and human MRSA and MSSA, regardless of factors such as host, geographic origin, infection site, and isolation time.
DISCUSSION
Molecular typing results for 120 canine S. aureus (MRSA, 70; MSSA, 50) isolates originating from various geographic origins and diseases identified several well-known clonal backgrounds, including common local human lineages as well as the CC398 livestock-associated (LA) lineage. The obvious lack of canine-associated clones among MRSA is in accordance with recent studies which ascertained that MRSA strains isolated from pets belong to the same lineages as the dominant human lineages in each country, indicating a spillover of hospital-associated MRSA from people to their in-contact pets (30) . Unexpectedly, even MSSA isolates obtained from infected dogs belonged to clonal backgrounds which are well known for human isolates, indicating the adaptive ability of certain genotypes (extended-hostspectrum genotypes [EHSGs]), regardless of their being MRSA or MSSA. In line with these findings, microarray analysis revealed no specific differences in the frequency and composition of virulence-associated and resistance genes carried by canine S. aureus from those carried by human isolates.
However, the comparative analysis of microarray data gained from human and canine strains mirrors the natural genetic composition and variability within each clonal complex (Fig. 3) . For most of the CCs mentioned in this study, comparable variations have been detected before, including the occurrence of certain SCCmec types (31) . Our data indicate that the genetic variability between individual MRSA and MSSA strains within each CC does not depend on factors such as host, date of isolation, and geographic origin (Fig. 1) .
In particular, with regard to the fact that all isolates originated from infected animals, the idea of the role of putative host-specific factors such as the IEC could also be challenged, since the IEC was detected in 38 (79%) of 48 DNA-microarray-characterized canine isolates (see Table S2 in the supplemental material). In a recent study, Verkaik et al. identified S. aureus strains of human (n ϭ 21) origin as main IEC carriers (90%), while only 33.8% of the investigated animal strains (n ϭ 77) tested positive. Animals infected with a "typical human strain" according to amplified fragment length polymorphism (AFLP) genotyping were dogs, cats, rabbits, and horses. These strains clustered together with human strains, and 45.3% of them were IEC positive (12) . However, the clonal background (spa type and sequence type) of these strains remains unknown. This report demonstrates the regular occurrence of the IEC among canine isolates that belong to typical human lineages (CC5, CC15, CC22, CC30, and CC45). This finding suggests either that the probability or frequency of the loss of the IEC phages is low or that there might be a potential benefit of IEC genes in at least some nonhuman hosts as well. Furthermore, one canine CC398-associated MRSA strain carried the IEC, leading to the assumption that humans are a possible infection source, since IEC-carrying CC398 MRSA have been reported predominantly in human isolates (32) . Even though the effects of IEC genes are described as specific for humans, knowledge is scarce about the expression and functional effects of factors carried on the IEC in dogs. Lijnen et al. compared fibrinolytic and fibrinogenolytic activities of staphylokinase (Sak) in different species and identified high activity in humans as well as in dogs, indicating a potential role of Sak in the canine host as well (33) . However, whether the IEC or the mutually exclusive untruncated hlb may possess a beneficial effect in the canine host still needs to be investigated in further experimental studies.
Moreover, PFGE analysis proved the presence of indistinguishable MRSA and MSSA strains in dogs and humans. These results are in accordance with a recent study concerning Japanese canine S. aureus isolates from healthy and infected dogs. The isolated MSSA and MRSA strains predominantly exhibited ST5, a common ST in Japanese health care-associated MRSA (HA-MRSA) (39) .
In particular, CC22-and CC5-MRSA were frequently associated with canine infections. These MRSA lineages are widely distributed and predominant among human strains in Germany (35) . Furthermore, CC8, CC30, and CC45 S. aureus (MRSA and MSSA) strains which were characterized from canine samples had previously been reported for human infections as well (35) . While all canine strains of lineages CC30 and CC45 in this study were methicillin susceptible, MRSA strains of these clonal complexes had been described in human infections in Germany as well (35) . The absence of canine CC30 and CC45 MRSA might have been an accident due to the sample size. Other possible reasons could be the limited occurrence of these lineages in Germany or the loss of the mecA gene. However, canine CC30 MRSA strains had been reported in the past as well (36) .
The isolation of CC398 S. aureus from dogs was reported before (24, 25, 37) , which confirms the ability of these strains to adapt to hosts other than livestock or humans. Overall, comparative analysis of canine and human isolates belonging to CC5, CC22, CC15, CC30, and CC45 revealed a remarkable PFGE pattern concordance, although the canine isolates originated from nine German federal states as well as eight further European countries and were collected over a period of 10 years. A close relationship of human and canine S. aureus PFGE patterns besides those obtained during nosocomial outbreaks in veterinary settings has been reported before, in particular for CC22 isolates (15) .
With respect to the current proportion of S. aureus strains among canine wound samples being 5.8% (3.6% MRSA; unpublished IMT data), direct human-to-dog transmission might be an important but not the only infection source for canine patients.
Although our group has recently reported a low rate (1.8%) of nasal S. aureus carriage in dogs in the community (38) , cases of autoinfection seem to be as likely a source of S. aureus infections in colonized dogs as events of transmission between different pets, humans, or contaminated environmental sites. Nonetheless, we demonstrated that each of the canine strains reported here can possibly be found in humans as well, providing evidence for the occurrence of EHSG MSSA and MRSA among diseased dogs. However, a possible host adaptation by alteration of similar surface-associated proteins such as has been reported for CC398 isolates only recently (34) cannot be ruled out by the methods used in this study. Moreover, since companion animals are in contact with the large microbiome and resistome pools of the environment, further (unknown) MGEs may enhance the ability of individual strains to adapt to certain hosts. More detailed genetic information obtained through comparative genome analysis is needed with respect to these issues.
In conclusion, the epidemiology of S. aureus takes many paths, and focusing on a single one might lead to a restricted view influencing intervention strategies (e.g., reinfection of human patients due to colonized or infected pets). The findings of this study strongly demand the strengthening of the "One Health" idea, the tight cooperation of human, animal, and public health sciences.
